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Abstract 
We use the dielectric formalism to evaluate the electronic energy loss of swift H and He ions in 
SiC and TiC targets, as a function of the projectile energy. The electronic properties of these 
materials are described by the MELF-GOS model, where the excitation of outer electrons is 
characterized by a linear combination of Mermin-type energy-loss functions (ELF), whereas the 
contribution due to the target inner-shell ionizations is included through hydrogenic generalized 
oscillator strengths (GOS). In this scheme, the differences between the energy loss of the 
projectile in the compound clearly differ from that calculated from its elemental component 
when applying Bragg’s additivity rule, which assumes that the energy loss in each species is 
unaffected by the state of aggregation. Our calculations show that the results provided by 
Bragg’s additivity rule fails near and below the stopping power maximum due to aggregation 
effects, which affect mainly the outer electrons excitation spectrum. We obtain that aggregation 
effects in the energy loss are more important for H projectiles in TiC targets. A good agreement 
with available experimental data is obtained. 
 
I. INTRODUCTION 
The knowledge of the energy loss and ranges of swift projectiles in matter is important for many 
applications in different areas such as microelectronics, surface analysis, nuclear physics, space 
exploration, protection against radiation or radio-therapeutical medicine [1-6]. 
In order to quantify the energy lost by a projectile when moving through a solid, two 
magnitudes are commonly used: the stopping power of the solid (defined as the average energy 
loss of the projectile per unit path length), and the energy-loss straggling (defined as the variance 
of the distribution of the energy loss per unit path length). Measurements on these magnitudes 
for swift projectiles are available in the bibliography for different projectile-target combinations 
[7-8], although most of these experiments deal with elemental targets. 
Bragg’s additivity rule is commonly used to calculate the stopping power and the energy-loss 
straggling of a compound target from the corresponding magnitudes of its elemental components 
[9], considering then that the energy loss by the projectile can be evaluated neglecting the so-
called aggregation effects. 
The dielectric formalism has been widely used to study the energy loss of swift light ions in 
solids [10]. In this scheme the target is characterized through its energy loss function (ELF) 
using the MELF-GOS model. Specifically outer-shell electronic excitations are described by 
means of a linear combination of Mermin-type ELFs, whereas inner-shell electronic excitations 
are accounted for through hydrogenic generalized oscillator strengths (GOS) [11]. On the other 
hand, the projectile electronic density is described using the modified Brandt-Kitagawa model 
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[12,13], considering the different charge states the projectile can acquire, its polarization, due to 
the self-induced electric field, and the energy loss due to electronic capture and loss processes. 
We analyze in this work the quantitative validity of Bragg’s additivity rule for SiC and TiC 
using the dielectric formalism, because it becomes crucial to most applications. We have chosen 
SiC because it is used in many applications due to its physical, aggregation, and electronic 
properties [14]. In addition, He ions are commonly used in Rutherford Backscattering 
Spectroscopy (RBS) to study the doping profiles of SiC [15]. On the other hand, in order to 
analyze how the target constituents affect the validity of Bragg’s rule, we have also calculated 
the stopping power and the energy-loss straggling of TiC. 
This work is organized as follows. In section II we introduce the model adopted in our 
calculations; a presentation of the results and a comparison with the available experimental data 
is made in section III. Finally, the conclusions are given in section IV. 
 
II. MODEL 
A swift atomic projectile (with atomic number Z1) that moves through a solid with velocity v 
captures and loses electrons until an equilibrium charge is reached. The stopping power pS  of 
the material must be calculated as 
1
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where p,qS  is the partial stopping power for each charge state q that the projectile can acquire 
during its travel through the target; qφ  is the charge fraction, i.e. the probability of finding the 
projectile in a given charge state q. We use the qφ  values provided by the CasP 3.1 code [16]. 
Nuclear stopping power is negligible in the energy range we are interested, then using the 
dielectric formalism, the partial stopping powers p,qS  can be obtained by means of [11] 
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where e is the absolute value of the electron charge, )(kqρ  is the Fourier transform of the 
projectile electronic density for the q charge state, kh  and ωh  are, respectively, the momentum 
and energy transferred to electronic excitations of the target, h being Planck’s constant, and 
[ ]),(/1Im ωε k−  is the target ELF. 
In a similar way, the energy-loss straggling 2Ω , defined as the variance in the energy-loss 
distribution per unit path length, can be expressed as a sum over the possible charge states, 
where the partial contributions 2qΩ  can be expressed as Eq. (2), but replacing ωh  by ( )2ωh  [11].   
It is worth to mention that the second summand in Eq. (2) accounts for  the polarization of 
the projectile due to the self-induced electric field, which displaces the center of the ion’s 
electronic cloud from its nucleus a distance ( )q q qd v= α Ε  [11, 17]; qα  is the projectile 
polarizability and )(vqΕ  the self-induced electric field produced by the projectile, 
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The Fourier transform of the charge density of the projectile )(kqρ  is described according to the 
model proposed by Brandt and Kitagawa [12] but considering the modification stated in Ref. 
[13], because the bound electrons of the projectile are in the K-shell. 
In the MELF-GOS model we incorporate separately the contribution to the ELF of outer-
shell and inner-shell electrons [11]. 
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The ELF associated to the weakly-bound outer-shell electrons is obtained fitting the 
experimental optical ELF, [ ]exp),0(/1Im ωε =− k , by a linear combination of Mermin-type ELFs 
[11,18] 
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where Mε  is a Mermin-type dielectric function [19]. In the above expression iω  and iγ  are 
related to the position and width, respectively, of the i-th Mermin-type ELF, while the 
coefficients iA  are the corresponding weights; th,iω  is a threshold energy. This method warrants 
that the ELF is properly extended to 0≠k through the properties of the Mermin-type dielectric 
functions [20]. 
On the other hand, K-shell electrons of SiC, as well as K- and L-shell electrons of TiC have a 
marked atomic character and have not collective effects; so they are modelled by means of 
atomic GOSs [21]; then [ ]innerIm 1/ ( , )k− ε ω  for a compound ...21 αα BA  is given by [11] 
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where N  is the molecular density of the target (molecules per unit volume) and ( )d ( , ) / djnlf k ω ω  
is the GOS of the ),( ln  subshell of the j-th element. The sums extend over the inner-shells of all 
the atoms in the compound. Of course, ionization of a given shell can only take place if the 
energy transfer ωh  is larger than the threshold energy nlωh . We use hydrogenic wave functions 
to describe the inner-shells of the target atom, because availability of analytical expressions for 
the non-relativistic hydrogenic GOSs [11]. In addition, we have shown in Ref. [22] that 
hydrogenic GOSs are appropriate to describe such inner-shell electron excitations, being 
practically identical to those evaluated by numerical methods. 
Our method requires the experimental ELF in the optical limit for a wide range of excitation 
energies in order to make the fitting, but for some compound targets, and especially for high-
energy transfers, there are no measurements of the ELF. In these cases, we estimate the ELF of 
the compound target ...
21 αα
BA
 from the ELFs of its elementary constituents, [ ] jk ),(/1Im ωε− , 
obtained from the experimental x-ray scattering factors [23], applying the following additivity 
rule [11] 
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where nj is the atomic density of the j-th element. Eq. (7) can be applied because target inner-
shell electrons, which are the excited electrons at high-energy transfers, are not affected by the 
aggregation state, and then, aggregation effects can be neglected. 
The L-shell of Si and the M-shell of Ti are modelled using Mermin-type ELFs [19] instead of 
hydrogenic GOSs. This is because such shells with intermediate binding energies are affected to 
 4 
a certain extent by the presence of neighbour atoms in the condensed system, and display 
collective effects. 
The parameters used to fit the ELF of SiC and TiC were chosen in such a manner that their 
ELF reproduce the main trends of the experimental ELF and satisfy the f-sum rule, i.e. the 
effective number of target electrons participating in the electronic excitations up to a given 
energy ωh , 
eff 2
0
1 1d ' ' Im
2 ( 0, ')N N k
ω  −
= ω ω  pi ε = ω 
∫  ,     (8) 
tends to the number of electrons filling the orbitals of the target atoms. 
We depict in figure 1 the ELF of Si, C, and SiC in the optical limit (k=0). The solid curves 
represent our fit according to the MELF-GOS method previously described, whereas symbols 
are the experimental results [24, 25] and the data from experimental x-ray scattering factors [23]; 
the dashed curves represent the ELF of SiC when using Eq. (7). Analogously, we show in figure 
2 the ELF of Ti, C, and TiC. 
 
0 20 40
0
2
0
2
4
0.0
0.5
1.0
10-6
10-4
10-2
10-5
10-3
10-1
102 103
10-5
10-3
 
 
 
 
 
[26]
 
EL
F
 
 
 
Si
 
 
 
C
 
[24]
[25]
 
SiC
 
hω (eV)
 
Fig. 1: ELF of SiC in the optical limit (k=0) as a function of the excitation energy ωh . The solid 
curves correspond to our model, while the symbols represent the experimental data [24,25] and 
the results from x-ray scattering factors [23]. 
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Fig.2: ELF of TiC in the optical limit (k=0) as a function of the excitation energy ωh . The solid 
curves correspond to our model, while the symbols represent the experimental data [24,25] and 
the results from x-ray scattering factors [23]. 
 
It is worth to mention the significant discrepancies between our fitted ELF and that provided 
by Eq. (7) at energies ωh  corresponding to the excitations of outer-shells electrons. These 
differences are the origin of the non-validity of Bragg’s additivity rule to calculate the stopping 
power and the energy-loss straggling for compound materials, and can be attributed to the 
aggregation state in the compound. 
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Target i th ,iωh  (eV) (eV)iωh  (eV)iγh  Ai 
C 1  25.71 13.33 0.7088 
N = 1.263·10-2 a.u. 2  6.259 5.714 0.2362 
Si 1  16.87 4.245 0.9922 
N = 7.403·10-3 a.u. 2 99.81 146.9 95.24 0.0274 
Ti 1  14.97 20.95 1.190 
N = 8.389·10-3 a.u. 2  47.62 122.4 0.1038 
 3  48.44 21.22 0.2178 
SiC 1  22.04 3.537 0.4572 
N = 7.160·10-3 a.u. 2  23.40 16.33 0.6760 
 3 100.95 157.8 127.9 0.02378 
TiC 1  24.08 11.43 0.9959 
N = 7.347·10-3 a.u. 2  49.80 14.97 0.1433 
 3  127.9 136.1 0.01358 
 
 
Table I: Parameters used to fit, through Eq. (5), the ELF of C, Si, Ti, SiC and TiC. N is the 
atomic density of the target, which is expressed in atomic units (1 a.u. of atomic density = 6.76 
Å-3). 
 
The parameters we have used to fit the ELFs due to outer-shells electrons are given in table I, 
whereas the contribution to the ELF from inner-shells electrons belonging to K-shells of C, Si, 
and Ti, as well as L-shell of Ti, were evaluated by means of hydrogenic GOS. Both figures 1 and 
2 show that the ELF smoothly depends on energy transfer at energies ωh  corresponding to the 
excitations of outer-shells electrons, in contrast to the sharp edges observed for the excitations of 
the electrons belonging to inner-shells. 
On the other hand, we evaluate the mean excitation energy of the target, which only depends 
on the electronic structure of the target [26] 
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We have obtained I (SiC) = 162 eV and I (TiC) = 191 eV; unfortunately there are not 
experimental data of the mean excitation energy for these compound materials to compare with. 
 
III. RESULTS 
A magnitude that is often used to quantify the mean energy loss per unit path length is the 
stopping cross section (SCS), which has the advantage of removing the dependence on the target 
density. The SCS is defined as p /SCS S N= . 
We show in figures 3 and 4 the stopping cross section of SiC and TiC, respectively, for H 
and He ions as a function of its energy. The solid curves represent our calculations, whereas the 
thin solid line and the symbols correspond to the experimental data [7, 14, 27, 28]; dashed curves 
represent the SCS derived from Bragg’s additivity rule. In addition, we have depicted a solid 
curve to represent the differences between our calculations and the result provided through 
Bragg’s rule. The agreement between our calculations and the available experimental data is 
quite good. Our calculated SCS include the energy loss due to electronic capture and loss 
processes, although it is worth to mention that it represents a minor contribution to the total SCS, 
only being appreciable near or below the maximum of
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Fig. 3: Stopping cross section of SiC for H and He ions as a function of energy. The solid curves 
represent our calculations, whereas the thin solid line and the symbols correspond to the 
experimental data [7, 14, 27, 28]; dashed curves represent the SCS obtained through Bragg’s 
additivity rule. 
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Fig. 4: Stopping cross section of TiC for H and He ions as a function of energy. The solid curves 
represent our calculations, whereas the dashed curves represent the SCS obtained through 
Bragg’s additivity rule. 
 
 
The results provided by Bragg’s rule differ from those obtained by our MELF-GOS model 
mainly for projectile energies near and below the stopping maximum. These differences are 
more significant at low projectile energies, although they are also significant around the stopping 
maximum, i.e. ~6% for SiC and ~ 8% for TiC, and keep practically constant at higher projectile 
energies. 
It is worth to mention that greater discrepancies appear between Bragg’s additivity rule and 
our calculations in TiC targets compared to those observed in SiC targets, which can be 
attributed to the number of target electrons that participate in the aggregation binding; i.e., 
4/14~29% of Si electrons participate in the aggregation binding for the SiC compound, whereas 
12/22~55% of Ti electrons participate in the aggregation binding for the TiC compound. This 
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suggests that the validity of Bragg’s rule is determined by the proportion of target electrons that 
participates in the aggregation of the compound. 
We depict in figures 5 and 6 the energy-loss straggling 2Ω  of SiC and TiC, respectively, for 
H and He ions. The solid curves represent our calculations, whereas dashed curves represent the 
energy-loss straggling derived from Bragg’s rule. In addition, we have depicted a solid curve to 
represent the differences between our calculations and the result provided through Bragg’s rule. 
For high projectile energies slightly discrepancies ( ≤ 7% for SiC and ≤  15% for TiC) appear 
between the energy-loss straggling derived from Bragg’s additivity rule and our calculations, 
whereas similar results are obtained for low projectile energies. 
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Fig. 5: Energy-loss straggling 2Ω  of SiC for H and He ions as a function of energy. The solid 
curves represent our calculations, whereas dashed curves represent the energy-loss straggling 
obtained through Bragg’s additivity rule. 
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Fig. 6: Energy-loss straggling 2Ω  of TiC for H and He ions as a function of energy. The solid 
curves represent our calculations, whereas dashed curves represent the energy-loss straggling 
obtained through Bragg’s additivity rule. 
 
IV. CONCLUSIONS 
In summary, we have used a model based on the dielectric formalism to evaluate the stopping 
cross section and energy-loss straggling of SiC and TiC for swift H and He ions, obtaining a 
quite good agreement with the available experimental data. Our model takes into account the 
effects derived from the aggregation state of the compound through the target ELF. The validity 
of Bragg’s additivity rule in SiC and TiC targets has been studied using this model, obtaining 
that it depends on the fraction of target electrons that participate in the aggregation binding, 
being its applicability more restricted for TiC than for SiC. 
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